We present a full characterization of the orientationally disordered co-crystal of C 60 with (1,1,2)-trichloroethane (C 2 H 3 Cl 3 ) by means of x-ray diffraction, Raman spectroscopy and broadband dielectric spectroscopy. Our results include the determination of molecular conformations, lattice structure, positional disorder, and molecular reorientational dynamics down to the microsecond timescale. We find that, while in the disordered solid phase of pure C 2 H 3 Cl 3 the molecules exist only in the gauche conformation, both gauche and transoid conformers are present in the solvate, * Corresponding author. Tel: +34 934016568. E-mail: roberto.macovez@upc.edu. 2 where they occupy the largest interstitial cavities between the fullerenes species. The two C 2 H 3 Cl 3 conformers exhibit separate, independent relaxations, both characterized by simplyactivated behavior. The relaxation of the transoid conformer, which has twice the dipole moment of the gauche isomer, is significantly slower than that of the latter, due to the high polarizability of C 60 resulting in an electrostatic drag against the reorientations of the dipolar C 2 H 3 Cl 3 species.
example, studies on orientationally disordered fullerene (C 60 ) films have highlighted that orientational melting and solid-solid transitions are fundamentally modified at the surface of an OD phase. 17, 18 Studies on solvents that display below their melting point either a supercooled liquid phase or an OD solid phase depending on the thermal treatment showed quite surprisingly that the glass transition is governed to a large extent by the freezing of the orientational degrees of freedom rather than translational ones.1 ,19,20,21,22 A recent study has shown that solid OD phases can also display features typical of liquids such as viscous drag against molecular diffusion, leading to the validity of the Stokes-Einstein and Walden relations.3 ,10 Also, it has been recently shown that the anisotropy of intermolecular interactions in OD solids can give rise to "bimodal" primary relaxations, with distinct cooperative molecular motions contributing to the primary dielectric loss. 23, 24 Fullerite (solid C 60 ) is a particularly simple and interesting example of OD phase. At room temperature, fullerite displays a so-called crystalline "rotator" phase in which the molecules spin as free rotors. Below 260 K the free-rotor motion is reduced to a merohedral ratcheting motion between two preferred orientations, 15, 16 which freezes out at the glass transition temperature of 90 K. 25, 26 OD phases with free-rotor or merohedral disorder have been identified also in many C 60 intercalation compounds, such as inorganic co-crystals like alkali fullerides, 18, 27 or molecular co-crystals of C 60 with organic intercalants. 28, 29, 30, 31 Binary C 60 co-crystals are simple systems to study the effects on rotational degrees of freedom of heteromolecular interactions (specifically, between C 60 and the organic intercalants). 29, 30, 32, 33, 34, 35 Solid-state NMR studies and molecular dynamics simulations on these systems showed that the C 60 rotational motion is generally unhindered even when it is intercalated with guest molecules, 36,37 a prominent example being the "rotor-stator" C 60 solvate with cubane. 29 While several studies focused on the molecular dynamics of C 60 inside binary co-crystals, very few studies focused on the dynamics of the intercalant molecules, most of which limited to establishing the existence of dynamic disorder of the intercalants. 30, 36, 38, 39, 40 Studies on the intercalant dynamics were performed on the C 60 solvate with Fe(C 5 H 5 ) 2 , 37 and on the cubane solvate, where however the intercalant molecules have fixed orientations. 41 Probing the dynamics of both host and guest molecules can shed light on possible correlations between the dynamics of different species, and thus help understand from an experimental perspective the dynamic interactions (steric, van der Waals, dipolar, etc.) taking place between different molecules. Such knowledge may have a direct relevance for organic and biological systems,
where the different chemical species present generally display correlated dynamics. 42, 43, 44 In this contribution, we study the binary system consisting of the polar solvent (1,1,2)- 
Sample characterization
High-resolution X-ray powder diffraction (XRPD) profiles were recorded with a vertically mounted INEL position-sensitive cylindrical detector (CPS120). Monochromatic Cu Kα1 radiation was filtered with an asymmetric-focus curved quartz monochromator. The solvate powder was placed in a Lindemann capillary tube (0.5 mm diameter). The detector was used in the Debye-Scherrer geometry (transmission mode), yielding diffraction profiles over a 2θ range between 4° and 40° with an angular step of 0.029° (2θ). Analysis of the diffraction data was carried out using the Fullprof software by comparing the experimental data, including the single crystal data published in Ref. 32 , with different microscopic models for the molecular arrangements. The FullProf package offers the possibility to refine a single structure model on multiple data sets (such as a powder and a single-crystal data set) with relative weights. Instead, a structure analysis based exclusively on the single-crystal data (which included only 29 reflections) was not possible due to the large number of refinement parameters.
For dielectric measurements, the solvate powder was mechanically pressed between two stainless steel disks to obtain a pellet inside the parallel plate capacitor formed by the metal disks. The dielectric spectra were acquired in the frequency range from 10 -2 to 10 6 Hz with a Novocontrol Alpha analyzer. Temperature control was achieved by nitrogen-gas flow, which allowed measuring in a temperature interval between 120 and 300 K with a temperature stability of 0.2 K.
Raman Microscopy was employed to record spectra at room temperature in the wavenumber range between 50 cm -1 and 2500 cm -1 (at higher wavenumbers a fluorescence signal dominated the spectra). For this purpose, a LabRam HR 800 system with excitation laser wavelength of 532 nm (green) was used. The Raman scattering spectra were measured with ten accumulations (with acquisition time of 30 s) and low laser power (0.05 mW) so as to avoid any photodecomposition.
Pure C 60 powder and liquid (1,1,2)-trichloroethane were also characterized for comparison. For the liquid only 5 accumulations were used each with acquisition time of 5 s, and the laser power was set to 5 mW.
Results and Discussion

XRD Patterns and Structural Modeling
When co-crystallized with solvent or guest molecules, C 60 forms a large variety of structures depending on the size of the solvent/guest molecules compared with that of the C 60 species. 28 In the case of the C 60 :C 2 H 3 Cl 3 solvate, a single-crystal study 32 reported orthorhombic lattice metrics but with monoclinic symmetry of space group P2 1 /n. The monoclinic symmetry departs from the orthorhombic symmetry of similar C 60 solvates with 1:1 stoichiometric ratios, such as the ones with n-pentane, n-hexane or dichloroethane. 34, 35, 50 The room-temperature powder XRD pattern of C 60 :C 2 H 3 Cl 3 ( Figure 1 ) is consistent with the monoclinic symmetry. A symmetry lower than orthorhombic could be due to an anisotropic orientational disorder of the ethane derivatives or result from the fact that the C 2 H 3 Cl 3 molecules do not possess a mirror plane symmetry. To explore this issue, we modeled both powder and single-crystal diffraction patterns using different assumptions on the conformation, position and orientation of each molecular species. The powder diffraction pattern and the single-crystal intensities were analyzed using a rigidbody model for both the C 60 and the C 2 H 3 Cl 3 molecules. The data was also analyzed using symmetry-adapted spherical harmonics in order to mimic a possible orientational disorder of the C 60 molecules, yielding similar results. This suggests that the C 60 molecules might display dynamic orientational disorder, as found in several solvates. 29, 30, 51 Refined parameters of the crystal structure were the lattice constants, the positions of the molecules, their orientation, the isotropic temperature factors and the occupation factors. The quite broad diffraction profiles Table 1 . The positional disorder is mainly along the b axis, and leads to a significant overlap of p1 and p2 molecules in the unit cell.
The positional disorder corresponds to a locally-varying separation (orthogonal distance)
between the AB and B'A' bilayers. It is worth pointing out that two nonequivalent C 60 positions were also reported in the fullerene solvate with benzene (C 60 :4C 6 H 6 ). 52 We argue that the existence of different C 60 sites is related to a static structural disorder associated with the relatively poor crystallinity of the powder, rather than to a dynamic translational disorder. 
Dielectric Relaxations and Raman Spectroscopy Results
The dielectric spectra of the solvate are shown in In order to carry out a quantitative analysis, both dielectric loss features were fitted by a ColeCole function, whose analytic expression is: 55, 56 (Eq. 1)
Here ∆ε = ε s -ε ∞ is the dielectric strength, ε ∞ and ε s are the high-frequency and static lowfrequency limits of the real permittivity, β is a (temperature-dependent) shape parameter in the range from 0 to 1, and τ represents the characteristic time of molecular motions, defined as the time at which the dielectric loss is maximum and referred to as relaxation time. Fig. 4 ). Such increase in spectral width with decreasing temperature is common to many systems. 57 It is observed in figure 4 (a) that both relaxations exhibit, at least approximately, a simplyactivated (Arrhenius) temperature dependence, i.e., a functional dependence of τ(T) of the form:
Here, E a is the activation energy and τ ∞ is the so- and are typical values found for dielectric relaxations in glass-forming systems. We point out that, since at low temperature we cannot reliably separate both contributions to the dielectric loss due to the increased spectral width, we cannot exclude a deviation from the simply-activated behavior (Eq. 2) at low T.
It is worth pointing out that both the simply-activated nature and the Cole-Cole profile of the relaxation features are uncommon for α relaxations associated with a glass transition, 1 and are secondary (local) relaxations in glass formers. 57 In the solvate, the C 2 H 3 Cl 3 molecules are expected to interact only weakly with one another. Each C 2 H 3 Cl 3 has only one C 2 H 3 Cl 3 first neighbor, namely the molecule that shares the same cavity, while all other next-neighbors are fullerenes (Fig. 2) . Apart from the solvent molecules sitting in the same interstitial site, the separation between ethane derivatives is thus larger than the van der Waals diameter of the C 60 molecule, which is of the order of 1 nm, 58 leading to a relatively large inter-molecular separation compared with pure C 2 H 3 Cl 3 . In other words, the polarization interactions with the quasispherical fullerene molecules are particularly strong, while interactions between C 2 H 3 Cl 3 molecules (dipole-dipole or steric) are less important. This discussion indicates that the observed relaxation dynamics are at most only weakly cooperative, and can be classified as (local) secondary relaxations. indicates that the corresponding dynamics is indeed significantly faster than either dynamic process in the solvate, confirming our interpretation of the dielectric loss features as being associated with a dynamic orientational disorder.
To confirm the presence of both conformers, we carried out a Raman spectroscopy characterization. Vibrational and NMR studies on the pure solvent have shown that the C 2 H 3 Cl 3 molecules exist in both conformations 59 in the liquid phase, with comparable concentrations, 61, 62, 63, 64 and that each conformer has a specific vibrational signature. 60, 65 Given that two conformers are present in the solution used to form the solvate, it is possible that they are also present in the solvate; however, the occurrence and relative concentration of conformers varies according to the nature of the system, 66 and depends on the subtle balance of intramolecular strains and the effects of the molecular environment. 45 For example, the gauche conformer is energetically more stable and by far the most abundant in the gas phase, 65, 60 where intermolecular interactions are negligible. In the disordered solid phase of pure C 2 H 3 Cl 3 only
gauche conformers are present, and they undergo dynamic conformational changes between isomers of different chirality. 45 Quite oppositely, in the fully ordered crystalline solid phase of (1,1,2)-trichloroethane only transoid conformers are observed. We acquired Raman spectra both on the polycrystalline C 60 :C 2 H 3 Cl 3 powder, on pristine C 60 and on the pure liquid solvent (always using the same substrate), to positively identify the weak features corresponding to different conformers. In organic binary systems containing C 2 H 3 Cl 3 , between the two conformers the intermolecular interactions of C 2 H 3 Cl 3 with the other organic co-solvent shifts the conformational equilibrium due to the large difference in dipole moment of the two conformers; their relative abundances depend on the dielectric constant of the mixture and the molecular structure of co-solvent. 60 In the solvate with C 60 , dipolar interactions between the ethane derivatives are weaker than in the solid phases of C 2 H 3 Cl 3 due to the presence of the C 60 spacers. 67, 68 Moreover, due to the disorder present in this phase they might be more isotropic compared to solid C 2 H 3 Cl 3 phases and similar in strength to those of the pure liquid solvent, which might rationalize the occurrence of both isomers in the solvate.
As mentioned, both solvate relaxations exhibit very close activation energies (36 kJ/mol in both cases), which might be due to the fact that the molecular environment of both conformers is the same. On the other hand, the two dynamic processes are observed at quite different relaxation times; such difference is likely due to the fact that the motion of the C 2 H 3 Cl 3 dipoles in the solvate is hindered by the high polarizability of the C 60 matrix, 46, 47, 48, 69 resulting in a polarization cloud which must rearrange at each reorientation of the C 2 H 3 Cl 3 molecule and therefore to an effective electrostatic drag acting against the orientational dynamics. Since the induced polarization is larger in the case of the larger permanent dipole of the transoid conformer, we assign the slower reorientational motion at lower frequency (longer characteristic times) to the transoid isomer, and the faster one to the gauche isomer. The freezing temperature of the two motions, defined as it is customary as the temperature at which a given process reaches a characteristic relaxation time of 100 seconds, 70 can be extrapolated assuming that their simply- proportional to the square of the molecular dipole moment μ and to the density of dipoles (N), 70 i.e., Δε ∝ μ (nearest-neighbor) dipoles during the reorientation dynamics. 70, 72 In view of the similar origin of the two relaxation processes, one may assume that the Kirkwood correlation factor is approximately the same for both dynamics. Under this assumption, and considering that the dipole moment of the transoid conformer is twice that of the gauche one, if the two conformers had equal populations their strength would differ by a factor of four. The fact that the two strengths are in a ratio close to 2 to 1 would instead indicate that the gauche conformation is more abundant in the solvate, in agreement with our Raman and XRD results.
As a final remark, we note that the observation in the solvate of molecular dynamics involving the ethane derivatives suggests that also the fullerene species may display merohedral reorientational motions in this phase. This would not be surprising considering that the C 60 molecules usually display rotational dynamics also when intercalated with other organic molecules.
29,36,37
Conclusions
We presented a full microscopic characterization of the dynamic statistical disorder in the solvate of C 60 with (1,1,2)-trichloroethane (C 2 H 3 Cl 3 ). Our study included the determination in this solid phase of molecular conformations, lattice structure, positional and orientational disorder, and molecular dynamics down to the microsecond timescale. Both gauche and transoid conformations of the C 2 H 3 Cl 3 species are present in the solvate, with a majority of gauche conformers. The two conformers exhibit separate dynamics with simply-activated temperature dependence, implying that they are local, at most weakly cooperative, relaxations of C 2 H 3 Cl 3 molecules "diluted" in the fullerene matrix. The isomer with larger dipole moment conformer (transoid) polarizes more strongly the C 60 moieties, resulting in a more pronounced electrostatic drag against dipole reorientations and thus slower reorientational motion compared to the gauche conformer. The low degree of dynamic cooperativity in the solvate is evidenced by the fact that the two relaxations freeze at distinct temperatures. The lack of cooperativity, which contrasts with the collective character of molecular relaxation dynamics in most glass-forming systems, is due to the presence of the C 60 molecules acting as highly polarizable spacers that effectively decouple the molecular dynamics.
Our study provides hard-to-obtain information on the molecular arrangement in a binary organic co-crystal, and to the best of our knowledge it is the first-ever report of the relaxation 
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